Aging of the hematopoietic stem cell compartment is believed to contribute to the onset of a variety of age-dependent blood cell pathophysiologies. Mechanistic drivers of hematopoietic stem cell (HSC) aging include DNA damage accumulation and induction of tumor suppressor pathways that combine to reduce the regenerative capacity of aged HSCs. Such mechanisms do not however account for the change in lymphoid and myeloid lineage potential characteristic of HSC aging, which is believed to be central to the decline of immune competence and predisposition to myelogenous diseases in the elderly. Here we have prospectively isolated functionally distinct HSC clonal subtypes, based on cell surface phenotype, bearing intrinsically different capacities to differentiate toward lymphoid and myeloid effector cells mediated by quantitative differences in lineage priming. Finally, we present data supporting a model in which clonal expansion of a class of intrinsically myeloid-biased HSCs with robust self-renewal potential is a central component of hematopoietic aging.
HSCs | leukemia | lineage specification A n outstanding issue in hematopoietic stem cell (HSC) biology is focused on understanding whether HSCs are intrinsically primed for commitment toward downstream lineages or if HSCs have a common "ground state" with respect to lineage priming potential, with all lineage fate decisions being orchestrated at the level of downstream progenitor cells (1) . Embedded within this broader issue is the question of whether the stem cell pool is clonally diverse such that individual clones possess stable, functionally distinct properties. In principle, numerous HSC clonal subtypes that differ with respect to their downstream lineage potential and/or selfrenewal capacity may exist. Several studies have recently provided evidence in support of such a model using limit dilution whole bone marrow (BM) (2, 3) , or purified stem cell assays (4, 5) . Indeed, an important study using extensive single-cell transplantation of highly purified stem cells demonstrated that the clonal contribution to the different blood cell lineages varies significantly and can be stably maintained through serial passaging, providing evidence that the pool of HSCs comprises at least two, and possibly more, distinct clonal subtypes imbued with differential lineage and self-renewal potential (4) . Important clinical implications would emerge, should it happen that certain stem cell clones either come to predominate or are conversely extinguished from the stem cell pool, as has been suggested to underlie the development of a number of hematological disorders including myelodysplastic syndrome, acute myeloid leukemia (AML), and paroxysmal nocturnal hemoglobinuria (6) .
Aging critically affects the function and composition of the mature blood cell compartments (7) . This, combined with the discovery that the BM frequencies of stem cells (8) (9) (10) (11) (12) , committed lymphoid (11, 13, 14) , and myeloid progenitors (11) are altered with age, indicates profound changes in the homeostatic control of blood cell production at multiple levels of hematopoietic differentiation during aging. Studies from a number of groups have indicated that at least some of the homeostatic imbalances arising in the hematopoietic system with age are a direct result of agedependent stem cell decline (15) . Perhaps the most exemplary manifestation of this is the decline in lymphoid lineage potential that is driven, at least in part, by alterations in fate determination whereby stem cells become increasingly biased for myeloid lineage commitment at the expense of lymphoid lineage differentiation during aging (11, 12, (16) (17) (18) (19) . The differences in lineage potential characteristic of aged HSCs are manifest both in the steady state and upon transplantation into young irradiated recipients, indicating that this aspect of stem cell aging is cell autonomous. Global gene expression profiling of HSCs purified from young and old mice supports this interpretation with the demonstration that gene programs involved in specifying lymphoid fate are down-regulated with age, whereas genes associated with myeloid specification are up-regulated with age in the long-term repopulation stem cell compartment (11) . However, as the epigenetic marks underlying these changes may be quite stable, it remains possible that ageassociated changes in HSC lineage potential may still be guided by instructive signals emanating from the aged systemic or microenvironments, as is the case with other stem cell systems (20, 21) .
To detail the differential lineage potential of HSCs, we examined the clonal composition of the HSC pool within the context of aging. We hypothesized that clonal heterogeneity within the HSC pool would allow the prospective isolation and characterization of functional distinct subsets of HSCs. In agreement with previous studies using limit dilution whole-BM transplants (2, 3) or purified stem cells (4, 5) , a number of functionally diverse HSC subtypes in the BM of young mice were observed. One subtype, representing less than 25% of long-term multilineage reconstituting HSCs in young mice, was found to exhibit a preferential myeloid lineage potential (myeloid bias), a component that progressively increased following both serial transplantation and normal physiological aging. Lineage-biased HSC subsets could be prospectively isolated from young and old mice based on differential levels of Slamf1/CD150 expression within the long-term repopulating lineage − Sca1 + c-kit high HSCs progressively increase with time and predominate the stem cell pool with age. These findings provide evidence that hematopoietic lineage fate is largely regulated at the stem cell level by functionally distinct hematopoietic stem cell clones, and demonstrate that the selective expansion of a clonal subtype of intrinsically myeloid-biased HSCs is a central component of hematopoietic aging.
Results
Prospective Identification of Lineage-Biased Hematopoietic Stem Cells. Single HSCs isolated using a highly selective marker panel have been shown to long-term reconstitute radio-ablated hosts with greater than 40% efficiency (22) (23) (24) . Using that panel of markers, we purified BM lineage
− cells (hereafter referred to as HSCs) from 3-month-old mice and competitively transplanted five cells into 65 lethally irradiated congenic recipients. Of the 45 mice (69%) that exhibited long-term multilineage engraftment, total donor chimerism varied substantially ( Fig. S1 ), consistent with studies using purified stem cells (4, 25) . We also observed considerable variation in the lineage output, which we classified into three categories: (i) myeloid-biased (>55% chimeric ratio of donor myeloid cells); (ii) balanced (chimeric ratio of donor myeloid cells between 5% and 55%); and (iii) lymphoid-biased (mice with <5% donor-derived myeloid chimeric ratios). These data are consistent with clonal diversity within the hematopoietic stem cell compartment, and are consistent with the findings of others using limit dilution BM transplantation (2, 4) or stem cells purified using different markers (2, 4) .
We sought to determine whether we could prospectively isolate lineage-biased HSCs based on differential expression of cell surface markers. We previously performed a comparative genomewide expression profile of HSCs isolated from young and old mice (11) and determined that the homotypic self-receptor Slamf1 (CD150) was up-regulated in aged HSCs. This, combined with studies from Morrison et al. demonstrating that Slamf1 is a robust and reliable cell surface marker of HSCs (23), suggested that Slamf1 might be a useful marker to subfractionate the stem cell compartment. We therefore investigated the primitive lineage − Sca1 + c-kit + (LSK) BM compartment of young mice for Slamf1 expression and found that whereas the LSKCD34 + flt3 + multipotent progenitor (MPP flt3+ ) population was uniformly negative for Slamf1 expression (Fig. 1A , green histogram),
) contained a mixture of Slamf1-positive and -negative cells (Fig. 1A, 
blue histogram). Within the HSC-containing LSKCD34
− flt3 − subset, however (Fig. 1A, red histogram) , essentially all cells were Slamf1 positive, and expression could be observed in a bimodal distribution, with some cells expressing intermediate levels (Slamf1   low   ) and others expressing higher levels (Slamf1 high (Fig. 1B and Fig. S2 ) and competitively transplanted 10 or 180 cells of each subset into lethally irradiated congenic recipients. Long-term (>17 weeks) multilineage engraftment (B, T, and myeloid cells) was observed in both primary (Fig. 1C) , and secondary recipients (Fig. S3) receiving Slamf1 low cells or Slamf1 high cells, demonstrating that both subsets contain HSC activity. Analysis of the in vivo lineage potential of these subsets revealed that while the Slamf1 low cells gave rise to predominantly balanced reconstitution (eight of 10 recipients), the Slamf1 high cells displayed a predominantly myeloid-biased reconstitution pattern (nine of 10 recipients) (Fig. 1C) . Importantly, these lineage potentials were stable through serial transplantation (Fig. S3) .
To explore the molecular basis for the differences in lineage potential, we performed quantitative real-time PCR (qRT-PCR) experiments on purified Slamf1 low and Slamf1 high HSCs for a set of genes involved in specifying myeloid and lymphoid fate and function. These experiments showed that, in all cases, the Slamf1 high subset had elevated levels of expression of genes involved in specifying myeloid fate, whereas the Slamf1 low HSCs uniformly expressed elevated levels of lymphoid specification transcripts (Fig. 1D) . Taken together, these results show that lineage-biased HSCs can be prospectively isolated based on differential expression of Slamf1, and provide evidence that these cells' lineage potential is primed by differential expression of factors involved in lineage specification. 
Sca1
− c-kit + myeloid progenitor compartment, Slamf1 low HSCs were more efficient (4-fold) at reconstituting the CLP flt3+ lymphoid progenitor compartment (Fig. S4) − flt3 − HSC compartment, suggestive of a greater stem cell self-renewal capacity (Fig. 2 A and B) .
Consistent with this interpretation, Slamf1
high HSCs regenerated both the Slamf1 high and the Slamf1 low LSKCD34 − flt3 − stem cell compartments to a higher degree than Slamf1 low HSCs (Fig. 2 A  and B) . Examination of the lineal relationship between the HSC subsets showed that the Slamf1 high HSCs preferentially gave rise to phenocopies of themselves, whereas Slamf1 low HSCs predominantly gave rise to Slamf1 low HSCs, and that these lineal relationships were stably maintained during serial transplantation (Fig. S5) .
Aging Is Associated with Progressive Increase of Slamf1
high MyeloidBiased Hematopoietic Stem Cells. We and others have previously shown that aging of the primitive HSC compartment is accompanied by an intrinsic skewing of lineage potential, with HSCs from old mice preferentially reconstituting myeloid rather than lymphoid lineages (11, 12, 16, 18, 19) . Consistent with this, recipient mice competitively transplanted with 10 or 50 HSCs purified from old mice predominantly showed myeloid lineage reconstitution in contrast to recipients transplanted with HSCs purified from young mice (Fig. 3A) . Serially passaging HSCs through successive transplant recipients has been used as a means of modeling stem cell aging (27, 28 ); yet little is known about how serial transplantation affects HSC lineage output. To address this, we serially transplanted HSCs through primary (1°), secondary (2°), and tertiary (3°) recipients and analyzed peripheral blood chimerism throughout the course of the experiment (Fig. S6) . Strikingly, we found that whereas primary recipients displayed donor chimeric ratios that were predominantly lineage balanced, the percentage of recipients showing myeloid-biased reconstitution increased with each suc-cessive round of transplantation (Fig. 3B) . By the tertiary transplants, eight of nine recipients exhibited a myeloid-biased reconstitution pattern, similar to the reconstitution patterns seen in recipients transplanted with old HSCs (Fig. 3A) . These data indicate that HSC reconstituting potential becomes increasingly myeloid biased during the normal physiological course of aging as well as serial transplantation.
These data, combined with the data regarding the lineage potential and self-renewal capacity of the Slamf1 HSC subsets ( Fig. 1 and Fig. 2 ), raised the possibility that the clonal composition of the HSC pool might be altered in the relative frequencies of the lineage biased HSC subsets during aging. To investigate this we examined Slamf1 expression levels on LSKCD34 − flt3 − HSCs from young adult (4 months), midaged (12 months), and old mice (24 months) (Fig. 3C ). This analysis showed that whereas the percentage of lineage balanced Slamf1 low cells in the primitive HSC compartment gradually diminished with age, the proportion of myeloid-biased
Slamf1
high HSCs progressively increased such that by 24 months of age, Slamf1 high HSCs predominated the stem cell pool (Fig. 3 C and  D) . Consistent with the large expansion of the phenotypic HSC compartment with age, the total BM frequency of the Slamf1 high HSCs increased substantially with age, whereas the Slamf1 low subset also expanded in numbers but to a lesser extent than the Slamf1 high subset (Fig. S7) . Cell cycle analysis was performed to address whether an increase in cell cycle rate might represent a selective force capable of propelling Slamf1 high HSCs to predominate the stem over time. Consistent with studies detailing the deeply quiescent nature of adult HSCs (29) (30) (31) , both HSC subsets were predominantly out of cycle, in contrast to downstream progenitors, which were rapidly cycling (Fig. 3E) . Importantly, no significant differences were observed in the percentage of Slamf1 high and Slamf1 low HSCs in the S/G 2 /M phase of the cell cycle, suggesting that Slamf1 high HSCs do not predominate the HSC compartment over time as a result of an increased cycling rate. We next addressed whether differential expression of Slamf1 could be used to prospectively isolate lineage-biased HSCs from old mice. To this end, we purified Slamf1 high and Slamf1 low HSCs from young and old mice and competitively transplanted them into lethally irradiated congenic recipients. As expected, transplantation of Slamf1 high HSCs from young mice led to myeloid-biased reconstitution (six of eight recipients), whereas Slamf1 low HSCs transplants exhibited balanced (seven of eight recipients) reconstitution (Fig. 4A) . Significantly, mice reconstituted with HSCs isolated from old mice showed a reconstitution pattern very similar to HSCs isolated from young mice: Slamf1 high HSCs from old mice gave rise to myeloid-biased reconstitution (seven of eight recipients), and old Slamf1 low HSCs exhibited predominantly balanced reconstitution (four of six) (Fig. 4A ). These results demonstrate that the cell surface phenotype and lineage potential of the HSC clonal subtypes is maintained during aging. It is noteworthy, however, that the HSC subsets purified from old mice exhibited, on a per-cell basis, markedly diminished total reconstitution potential during both primary (Fig. 4B ) and secondary transplantation (Fig. S3C) , which is consistent with previous studies demonstrating a global repopulation deficit of HSCs during aging (11, 12, 32) .
Taken together, these data support a model in which clonal expansion of myeloid-biased HSCs imbued with robust selfrenewal potential underlies the change in lympho-myeloid lineage commitment associated with aging in the hematopoietic system.
Discussion
Aging of the hematopoietic system is accompanied by declining immuno-competence, increased autoimmunity, diminished stress response, anemia, and increased predisposition to a spectrum of diseases including myelodysplastic syndrome and myeloid leukemia. Increasing evidence suggests that such pathophysiologies arise, at least in part, as a result of age-dependent stem cell decline. For example, hematopoietic aging is associated with a diminution of lymphoid lineage commitment, whereas myeloid lineage commitment is maintained or even slightly elevated. This age-associated lineage bias has been shown to result from age-dependent differences in the propensity of HSCs from young or old mice to commit and give rise to primitive oligo-potent myeloid or lymphoid progenitors (11, 14) . This change in lineage commitment is believed to contribute to the decline of the adaptive immune system with age, and at the same time, provides a cellular rationale based on stem cell biology for the predisposition to myelogenous diseases in the elderly, and lymphoid malignancies in the young (15) .
In addition to these lineage differences, HSCs from old mice also exhibit altered homing and mobilization properties (19) , which likely contribute to the attenuated stress response and reduced regenerative capacity characteristic of the aged hematopoietic system. Molecular factors contributing to stem cell decline include agedependent DNA damage accumulation (33) and epigenetic deregulation (32) . However, humoral factors originating from the aged micro-or systemic environments that appear to be related to chronic inflammation might also be important in modulating HSC aging (32) .
Two models have been put forth to account for the changing functional properties of the aging stem cell pool. In one model, the stem cell pool changes in the relative frequency and/or activity of distinct functional subtypes over time, such that the clonal composition of the functional stem cell pool in older individuals is divergent from that in young individuals. In an alternative model, the functional potential of most or all of the clones comprising the stem cell pool is more or less uniform at any given stage of life, yet the functional potential of the clones within the pool coordinately change over time. Consistent with data generated from whole-BM limit dilution experiments (16) , the data presented herein provides evidence that the clonal selection model is the predominant mechanism contributing to aging of the HSC compartment. Our data show that the HSC pool becomes dominated during aging by the selective expansion of a subset of myeloid-biased Slamf1 high HSC clones by virtue of a superior self-renewal capacity over lineage-balanced stem cells. This mechanism appears to adequately account for the well-documented change in lineage potential associated with stem cell aging (11, 12, 16, 18, 19) . Our data do not, however, exclude the possibility that deficiencies within defined clonal subtypes also contribute to age-dependent stem cell decline. Indeed, the observation that total repopulating potential diminishes with age in both Slamf1 high and Slamf1 low HSCs, provides evidence for this concept. Age-dependent DNA damage accumulation seems to be a likely mechanism contributing to stem cell decline that may act independently of clonal selection. In support of this postulate, we have previously reported that HSCs bearing deficiencies in different genomic maintenance pathways exhibit dramatically reduced repopulating activity with age that is independent of lineage bias normally associated with aging (33) .
The prospective isolation of phenotypically defined clonal subtypes of HSCs provides an unprecedented opportunity to dissect the functional, molecular, and epigenetic properties of distinct stem cell subtypes. Moreover, the observation that myeloidbiased HSCs predominate the stem cell pool during aging suggests that a better understanding of the molecular properties of this clonal subclass may provide insights into the onset of clinically important age-dependent diseases derived from stem cells such as AML and myelodysplastic syndrome.
Materials and Methods
Mice. All mice used in this study were on the C57BL/6 background. Young mice were 12-14 weeks of age. Midaged (12 months) and old (22-24 months) mice were obtained from the National Institute of Aging (NIA). HSC Purification and Transplantation. HSCs were isolated, and competitive transplants were performed as previously described (33) . Peripheral blood chimerism was determined by gating myeloid, B, or T cells and then determining the amount of donor cells contributing to each lineage. Chimeric ratios for each lineage were calculated by dividing individual lineage chimerism by the sum of all lineage chimerism values for individual mice. All flow cytometry and FACS data were analyzed using FlowJo software (Treestar).
Quantitative Real-Time PCR. Total RNA was extracted from FACS sorted cells using TRIzol reagent (Invitrogen) and cDNA was generated using SuperScript Vilo (Invitrogen) cDNA synthesis kits according to manufacturer's instruction. RT-PCR primers spanning intron-exon boundaries were designed using Primer 3 (http://frodo.wi.mit.edu/primer3/input.htm). Real-time PCR was performed on the Eppendorf Mastercycler Realplex-2 using Perfecta (Quanta Biosciences) SYBR green reagent with 100-cell equivalent amounts of cDNA per reaction. β-Actin was used to normalize the expression. progenitors from 15-week-old mice were sorted directly into cold 100% methanol. Cells were kept at −20°C for 12 h, and then resuspended in PI (50 μg/ mL) with RNAseA (20 μg/mL) and analyzed by flow cytometry.
